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" Copper and brass are prone to be corroded in biodiesel.
" Corrosion rate signiﬁcantly decreases at higher temperature in the absence of oxygen.
" High temperature and light favors degradation in biodiesel fuel.
" Light absence at room temperature is the most suitable condition for biodiesel storage.
" Metallic ions accelerate the oxidation reactions of biodiesel.a r t i c l e i n f o
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Corrosion is a relevant issue regarding the problem of biodiesel compatibility with polymers and metals.
This work aims to evaluate the inﬂuence of the natural light incidence and temperature in the corrosion
rate of brass and copper immersed in commercial biodiesel as well as biodiesel degradation after the con-
tact with metallic ions. The characterization of corrosion behavior was performed by weight loss mea-
surements according to ASTM G1 and ASTM G31. The experiments according to ASTM G1 were
performed at room temperature in light presence and absence. Experiments were also conducted at
55 C in order to compare with ASTM G31 that is also performed at that temperature. The biodiesel deg-
radation was characterized by water content, oxidation stability, viscosity as well as XRF, IR and Raman
spectroscopies. The results of ASTM G1 tests showed that the thickness loss for both metals determined
at room temperature is slightly higher when there is light incidence and these values signiﬁcantly
decrease for the highest temperature. The results of ASTM G31 tests indicated that air bubbling along
with higher temperature affects mostly immersed samples. Biodiesel in contact with metals shows sig-
niﬁcant degradation in its properties as evidenced by increasing water content, higher viscosity and
lower oxidation stability.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Biodiesel consists of a mixture of ethyl or methyl esters of fatty
acids derived from vegetable oils or animal fats, obtained from the
transesteriﬁcation reaction with a short chain alcohol, methanol or
ethanol, respectively and in the presence of a catalyst [1]. Thus, this
reaction aims modifying the molecular structure of vegetable oils
(triglyceride), what makes it similar to diesel oil, and also main-
tains the physico-chemical properties of diesel. ‘‘Bio’’ represents
its renewable and biological source in contrast to petrodiesel fuels;ll rights reserved.
x: +55 11 3091 3028.
P. Aquino), idavaoki@usp.br‘‘diesel’’ refers to the use in diesel cycle motors [2]. For being fully
miscible and for having almost the same properties of petroleum
diesel, biodiesel is seen as an excellent alternative energy source
to fossil fuel, which can be used in diesel engines (compression–
ignition) without the need for costly modiﬁcations or adaptations.
The characterization of the biodiesel quality must be made accord-
ing to international standards as American Society for Testing and
Materials (ASTM), International Organization for Standardization
(ISO) and Comité Européen de Normalisation (EN). In Brazil,
National Agency of Petroleum, Natural Gas and Biofuels (ANP)
speciﬁcations must be followed [3].
Nowadays, only diesel/biodiesel blends with low percentage in
volume of biodiesel are being used in diesel cycle engines, due to
some concerns that include the incompatibility of materials pres-
ent in the fuel system with biodiesel [4]. Although biodiesel offers
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stable, more susceptible to oxidation reactions and more corrosive
than diesel, unless it is modiﬁed or treated with additives [4,5].
Biodiesel degradation makes it more corrosive and is caused by
oxidation reactions due to mostly moisture absorption, attack by
microorganisms during storage and use [6]. The biodiesel oxidation
leads to the formation of a variety of oxidation products such as
peroxides and hydroperoxides. These species during the degrada-
tion are converted into aldehydes, ketones and acids that are vola-
tile products of short chains [7]. Besides, higher molecular weight
species can be also formed through oxidative polymerization [8].
Thus, the oxidation mechanisms of biodiesel can increase its corro-
sive characteristics, and change the properties of the fuel [6]. The
corrosive nature of biodiesel also is related to the presence of
impurities such as water, alcohol, free fatty acids, glycerol and cat-
alyst excess of the process [9] as well as puriﬁcation method.
Compared to diesel, biodiesel fuel is more hygroscopic, i.e., it
has a natural tendency to absorb moisture and water which tend
to condense on the metal surface, favoring the corrosion [6]. It
should be noted that the presence of metallic ions caused by corro-
sion can also catalyze other undesirable reactions, leading to bio-
diesel instability and degradation, as the high temperature,
contact with air and other factors that affect the biodiesel quality,
which reduce the engine durability [10].
Corrosion is one of the relevant issues to the problem of com-
patibility of biodiesel with different metallic and polymeric mate-
rials. Notably, the biodiesel composition inﬂuences directly the
corrosion resistance of metals present in the fuel circuit. Biodiesel
becomes more corrosive when water and free fatty acids are pres-
ent. The biodiesel corrosiveness also depends on feedstock (raw
materials) due to the difference in their chemical composition,
especially regarding the unsaturation degree, which leads to the
degradation process and formation of products with different de-
grees of corrosiveness [11,12]. On the other hand, the corrosion
test proposed by ISO 2160 (1998) and ASTM D130 (2010) to deter-
mine the petroleum corrosiveness and it derivatives cannot evalu-
ate the biodiesel corrosiveness, because the biodiesel is a fuel that
contains no sulfur in its composition.
Materials such as bronze, brass, copper, zinc, lead and tin are
among the metals that can be oxidized on contact with diesel or
biodiesel and create sediments [12]. Moreover, aluminum, carbon
and stainless steels have been reported as materials compatible
with biodiesel. In addition to the scientiﬁc literature reports on
the materials compatibility are also evaluated, which are mainly
produced by industrial stakeholders and government agencies
[9]. Corrosion problems caused by biodiesel after tests have been
performed in different motors were found by automobile manufac-
tures and are considered a big challenge to be overcome.
In automobile applications, biodiesel comes in contact with a
wide variety of materials, which can be grouped in three major cat-
egories: ferrous alloys, non-ferrous alloys, and elastomers. Metallic
materials can undergo corrosion and wear in biodiesel [9]. Among
them, copper and its alloys present in some parts such as fuel
pump, bearing and injectors are the mostly affected by biodiesel
[4,6]. Researchers observed that copper alloys are prone to be cor-
roded by biodiesel compared to ferrous alloys and aluminum alloys
[12,13]. Pitting corrosion was observed on sintered bronze ﬁlters
after 10 h of operation with biodiesel at 70 C [14]. Corrosion has
also been reported even for blends with low percentages of biodie-
sel, i.e., 2% biodiesel (B2) [15]. Thus, metals prone to undergo cor-
rosion should be avoided in the fuel system, because these
elements accelerate the oxidation of biodiesel. Polymers like plas-
tics and elastomers also can undergo degradation in contact with
biodiesel [9].
Few works have been found in the literature dealing with met-
als corrosion in pure biodiesel and, in some cases, the conclusionsare not in agreement with the obtained results. For this reason,
more deep studies are needed in order to clarify and bring an in-
sight on the mechanism of metals corrosion in it related to its com-
position, quality, storage and use applying more sensitive and
reliable techniques. The aim of this work is to evaluate the inﬂu-
ence of the natural light incidence and temperature into the corro-
sion rate of brass and copper immersed in commercial biodiesel.
The characterization of corrosion behavior was performed by
weight loss measurements according to ASTM G1 [16] and ASTM
G31 [17]. All the experiments were conducted using a commercial
biodiesel (B100). A wide set of characterization techniques were
used to assess the biodiesel degradation before and after the con-
tact with metallic ions, presence of light and temperature. Changes
in biodiesel composition were also identiﬁed by X-ray ﬂuorescence
analyses (XRF) and Raman vibrational spectroscopy.2. Experimental
2.1. Physico-chemical characterization of biodiesel
Brazilian biodiesel analysis which grants the quality certiﬁcate
must be performed according to the speciﬁcations established by
the Brazilian National Agency of Petroleum, Natural Gas and Biofu-
els (ANP) that were published in the Resolution Number 7/2008
[18]. The commercial biodiesel (B100) obtained from PETROBRAS
Company was characterized in relation to the parameters estab-
lished by the ANP following the standard methods: ASTM D664-
09 (Method B) for total acid number (TAN), ASTM D6304 for water
content, ASTM D445 for viscosity and EN 14112 for oxidation sta-
bility at 110 C. The total acid number (TAN) was determined by
acid–base titration performed in an automatic titrator from Met-
tler Toledo model T50 using a pH electrode for non-aqueous med-
ium. The analyses to determine the water content in biodiesel
samples were carried out using a Karl Fisher Coulometer fromMet-
tler Toledo. The viscosity analyses were performed in a viscosime-
ter from Tamson model TV2000 using a Fenske tube viscosimeter
nr 75. The oxidation stability at 110 C was performed in Rancimat
equipment from Metrohm model 843. Energy dispersive X-Ray
Fluorescence (XRF) analyses were performed in order to determine
the concentration of released metallic ions in the biodiesel after
immersion of copper and brass in. The equipment consists of a
water-cooled ItalStructures W 60 kV/1.5 mA X-ray tube with lat-
eral window and a Ketek Peltier-cooled Si-drift detector with a
Zr window frame. The system comprises also an Ketek 4 k multi-
channel analyzer, a webcam, two laser pointers and an water-cool-
ing system for the detector electronics. Biodiesel samples were
analyzed by Raman vibrational spectroscopy in order to investigate
the changes in fuel composition and oxidation level after immer-
sion of the metals at different conditions of light and temperature.
The Raman spectra were collected in a FRA 106/S FT-Raman cou-
pled FT-NIR IFS28/N (Bruker Optics) with wide range spectra (0–
4000 cm1). All the measurements were analyzed in off-line mode
at room temperature (20 C) using quartz cells (100R-QS, Hellma)
with light optical path equal to 5 mm. Each spectrum is an average
of 256 scans with resolution of 4 cm1, the laser frequency is
1064 nm and the power of laser beam was set to 250 mW.2.2. Characterization of biodiesel corrosiveness by weight loss
measurements
2.2.1. Immersion tests according to ASTM G1 standard
Test samples of copper and brass of 20 mm  20 mm were used
in the immersion tests according to ASTM G1 standard [16]. The
whole exposure time was 5 days. The immersion tests according
to ASTM G1 standard were performed to evaluate the inﬂuence
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of brass and copper as well as biodiesel degradation after contact
with metallic ions in naturally aerated conditions. The experiments
were performed at room temperature (RT) in presence and absence
of natural light incidence. Experiments were also conducted in an
oven at 55 C (absence of light) in order to compare with ASTM
G31 standard (in the absence of light – dark condition) [17].
Initially, the metallic samples were ground with silicon carbide
emery papers in the sequence 320, 400 and 600 # grit. Then, the
metal samples were rinsed with water and degreased with alcohol
and acetone. At last, they were dried in a hot air stream. The sam-
ples were weighed on an analytical balance with 0.00001 g accu-
racy. The metallic samples were weighed before and after their
immersion in biodiesel. Each test sample (T) must be weighed
two times in relation to a reference standard weight of stainless
steel that is permanently stored in a desiccator, according to ISO/
CD 11844-2 [19]. This should be made to avoid problems with cal-
ibration of the analytical balance on different days when the mea-
surements of initial (before exposition) and ﬁnal weight (after
exposition) are carried out. Thus, the mean mass of the metallic
samples is calculated in relation to the reference standard sample
as the mean value of the difference between the ﬁrst and the sec-
ond weighing, as shown in
m ¼ ðR1  T1Þ þ ðR2  T2Þ
2
ð1Þ
wherem = mean mass of the test sample in relation to the reference
standard weight of stainless steel in mg; R1 = mass of the stainless
steel reference standard weight in the ﬁrst mass measurement in
mg, T1 = mass of the test sample in the ﬁrst mass measurement in
mg, R2 = mass of the stainless steel reference standard weight in
the second mass measurement in mg, and T2 = mass of the test sam-
ple in the second mass measurement in mg
The copper and brass samples were placed into the vessels con-
taining approximately 30 mL of commercial biodiesel. The test
samples were exposed vertically hanged by a nylon wire as shown
in Fig. 1.
In order to remove the corrosion products formed on copper
and brass surface, a sulfuric acid solution (54 mL H2SO4/L H2O)
was used for pickling the samples. The exposure time was 2 min
for brass and 1 min for copper. Notably, a blank sample (not ex-
posed) must be also pickled in order to correct the weight loss pro-
voked by the pickling solution itself. The weight loss of blank
sample must be considered, because it shows the loss of base
material during pickling. At the end of the test, the metallic sam-
ples were rinsed and ten dried in a hot air stream. The tests were
performed in triplicate. The samples were weighed using the sameFig. 1. Scheme of the apparatus used in immersion tests according to ASTM G1
standard.procedure as explained above. The corrosion rate expressed in mg/
cm2 h is given by
vcorr ¼ ðmbefore mafterÞ  ðmbefore-blank mafter-blankÞA t ð2Þ
where vcorr = corrosion rate in mg/cm2 h;mbefore = mean mass of the
test sample in relation to the reference standard weight of stainless
steel before exposure in mg; mafter = mean mass of the test sample
in relation to the reference standard weight of stainless steel after
pickling in mg; mbefore-blank = mean mass of the blank sample in
relation to the reference standard weight of stainless steel before
pickling in mg; mafter-blank = mean mass of the blank sample in rela-
tion to the reference standard weight of stainless steel after pickling
in mg; A = exposed surface area, in cm2; and t = exposure time, in h.
The thickness loss in lm/year, P is calculated according to
P ¼ vcorr
q
 10 8760 ð3Þ
where q = speciﬁc weight in g/cm3; and vcorr = corrosion rate in mg/
cm2 h
The biodiesel samples after the end of the immersion tests at
different conditions of light incidence and temperature were sub-
mitted to physico-chemical characterization to evaluate the bio-
diesel degradation due to the contact with metallic ions which
catalyze the oxidation reactions of the biodiesel.
2.2.2. Immersion tests according to ASTM G31 standard
Test samples of copper and brass of 50 mm  20 mm were used
in the immersion tests according to ASTM G31 standard [17]. The
metallic samples were submitted to the surface treatment as de-
scribed in the item 2.2.1. The immersion tests according to ASTM
G31 standard to evaluate the inﬂuence of the temperature and
air bubbling in the corrosion rate of brass and copper were carried
out. The metallic samples were displayed in three different levels,
where two metallic samples remained totally immersed in the bio-
diesel (corrosive medium), two others partially immersed and the
last two ones exposed to biodiesel vapors. The apparatus (cell)
used for the immersion tests was constructed in Pyrex glass with
a Teﬂon support to set the metallic samples based on the model
proposed by ASTM G31 standard and two air bubbling glass tubes
provided with glass frits. Fig. 2 shows the design of the cell compo-
nents for the immersion tests according to ASTM G31 standard.
The experiments according to ASTM G31 were conducted inside
an oven (in the absence of light–dark condition) at 55 C under
constant air bubbling to force the biodiesel degradation, since the
contact with air and higher temperature are the factors that most
affect the degradation reactions. The whole exposure time was
5 days. The test samples were ﬁxed in the central Teﬂon support
of the cell by a Teﬂon screw. To evaluate the corrosion rate of met-
als displayed at different levels (totally immersed, partially im-
mersed and exposed to vapors) in the cell half-ﬁlled with
biodiesel (approximately 300 mL) as shown in Fig. 2b. The air bub-
bling was performed at 8 L/min using a small air compressor. The
cell was placed in an oven to keep the biodiesel at 55 C for 5 days.
The corrosion rate (mg/cm2 h) and thickness loss (lm/year)
were also calculated by Eqs. (1)–(3) shown in Section 2.2.1.
3. Results and discussion
3.1. Physico-chemical characterization of biodiesel
In Table 1 are shown the characterization results of the com-
mercial biodiesel as received according to the speciﬁcations estab-
lished by the Brazilian National Agency of Petroleum, Natural Gas
and Biofuels (ANP). It can be observed that induction period (IP)
to oxidative degradation of the commercial biodiesel is 8.4 h. The
Fig. 2. Cell used for the immersion tests according to ASTM G31 standard. (a) Cell components and (b) ﬁnal cell arrangement.
Table 1
Physico-chemical characterization of commercial biodiesel.
Biodiesel Water
content
(ppm)
Total acid
number
(mg KOH/
g sample)
Viscosity
(mm2/s)
Induction
period (h)
Commercial
biodiesel
477 ± 14 0.678 ± 0.014 4.11 ± 0.019 8.40 ± 0.01
Limits established by
ANP
500 0.5 0–5 6
Fig. 3. Comparison of the thickness loss results for copper and brass in commercial
biodiesel after 5 days of immersion according to ASTM G1 at different conditions of
light incidence and temperature.
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antioxidants since it is a biodiesel blend from different raw mate-
rials (different oil sources). The speciﬁcation according to ANP re-
quires induction period of at least 6 h for the biodiesel in
conformity with EN 14112 standard. However, the ASTM D6751-
09 standard that prescribes the required parameters for character-
ization of the American biodiesel quality reduced the induction
period from 6 h to 3 h. Among the analytical parameters to evalu-
ate the biodiesel, it was observed that only the total acid number
(TAN) is slightly higher than speciﬁcation.
3.2. Immersion tests according to ASTM G1 standard
Immersion tests were also carried out for copper and brass sam-
ples in order to evaluate the inﬂuence of light incidence and tem-
perature, because preliminary tests performed in soybean
biodiesel have shown that copper, brass and zinc are metals which
have lower corrosion resistance compared to carbon steel, stainless
steel and aluminum. According to Kaul et al. [12], materials such as
bronze, brass, copper, zinc, lead and tin can oxidize in biodiesel or
diesel and create sediments, while aluminum and stainless steel
have been reported as the most compatible materials with the
biodiesel.
Immersion tests to evaluate the inﬂuence of light and tempera-
ture in the corrosion rate after 5 days of immersion were per-
formed. For comparison, experiments were performed with and
without natural light incidence at room temperature. Experiments
were also conducted in an oven at 55 C (absence of light). In Fig. 3
the comparison of the corrosion rate results expressed as thickness
loss for copper and brass samples in commercial biodiesel were put
in a bar plot. It can be observed that the thickness loss in presence
and absence of light (light and dark) at room temperature is almostthe same for both metals, with slightly higher corrosion rates
found with light incidence. However, corrosion rates signiﬁcantly
decrease for higher temperature, indicating that high temperature
interferes in the metals corrosion. It is evident that the corrosion
rates for brass are always higher than those for copper samples
in all the studied conditions. It can also be noticed that higher tem-
peratures inhibit the metals corrosion, totally contradicting what
would be expected, because usually higher temperature is likely
to enhance the reaction rate. A reasonable explanation is the elim-
ination of absorbed oxygen in the biodiesel kept at higher temper-
ature and the impossibility of its replenishment avoiding the
corrosion of the immersed metals. According to De Souza [20],
the oxidation rate observed in accelerated tests to determine the
oxidative stability of fats and oils depends on the oxygen concen-
tration, whose solubility decreases with the increase of tempera-
ture. So, this can be a plausible explanation for the reduction of
corrosion rate, taking into account that the concentration of dis-
solved oxygen in biodiesel is lower at high temperature. As the
immersion tests performed in the darkness at room temperature
and at 55 C still showed signiﬁcant differences in the corrosion
rates, it is possible that the temperature is affecting the O2 solubil-
ity in biodiesel.
Haseeb et al. [4] performed corrosion tests for copper and
bronze in palm biodiesel and diesel blends (B0, B50 and B100) at
room temperature (110 days) and 60 C (35 days). The results of
this work show higher corrosion rates for bronze in all examined
fuels. Both copper and leaded bronze showed higher corrosion rate
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that the corrosion rate expressed in mpy (miles per year) is com-
paratively higher at 60 C than at room temperature due to the fact
that higher temperatures increase the reaction rate and transport
of the present species, which could contribute to enhance corro-
sion rate. So, the results obtained in commercial biodiesel at differ-
ent conditions of light and temperature (55 C and room
temperature) are not in agreement with the results published by
Haseeb et al. [4]. However, as mentioned the weight loss measure-
ments at 60 C were obtained after immersion for 35 days (840 h),
whereas the measurements at room temperature were obtained
after 110 days of immersion (2640 h), which prevents the compar-
ison between corrosion rates, because the immersion tests were
performed at different temperatures and time. Thus, it is not pos-
sible to predict that higher temperatures increase the corrosion
rate of metals in biodiesel. Normally, longer times of exposure re-
sult in lower corrosion rate, which led the authors to conclude that
corrosion rates at room temperature are lower for copper and
bronze than at 60 C.
Figs. 4 and 5 show respectively the aspect of the corrosion prod-
ucts formed on copper and brass surface, respectively, after 5 days
of immersion in different light and temperature conditions. It
should be noted that the corrosion products formed on copper
are more thin, adhered and homogeneous compared to those
formed on brass. In addition, it can be observed in Figs. 4d and
5d that copper and brass samples, respectively, exposed at 55 C
present less corrosion products, conﬁrming the lower thickness
loss values for this condition. The dark color of the corrosion prod-
ucts can be characteristic of CuO formation which has black color
compared to Cu2O which has red color. According to Mankowski
et al. [21], on the copper surface in oxygen atmosphere oxides rich
in CuO/CuCO3 and Cu2O form, whose inner layer is composed of
Cu2O followed by the outer layer of CuO. Similar behavior seems
to happen in dissolved O2 rich biodiesel as demonstrated by Fazal
et al. [6]. According to Huang and Tsai [22], color variation of the
corrosion products is an indicator of the transformation of copper
into different species of different oxidation states which are inﬂu-
enced by externals factors such as temperature and oxygen con-
centration. The corrosion products formed on copper and brass
surface after immersion in biodiesel at 55 C did not present dark
color proving the relationship with the low oxygen content in this
condition.
The physico-chemical characterization was performed in the
collected biodiesel samples after immersion testes in order to
investigate the biodiesel degradation and possible differences in
the chemical composition when exposed to different light and
temperature conditions. Water content was analyzed by the Karl
Fisher coulometric method to identify the biodiesel degradation
by hydrolytic reactions, since biodiesel presents hygroscopic
characteristics. The presence of water and oxygen can oxidize theFig. 4. Corrosion products formed on copper surface after immersion tests according
temperature, (c) darkness and at room temperature and (d) darkness and at 55 C.biodiesel, causing the esters hydrolysis [23], beside microorgan-
isms growth [24].
Fig. 6 shows that the water content in the biodiesel increased
after immersion tests for copper and brass performed in the oven
at 55 C. This reveals that the higher temperature associated to
the presence of metallic ions, even at low concentration evidenced
by weight loss measurements, favors the degradation reactions
and led to water formation. The light conditions also showed signs
of biodiesel oxidation, but at a less extent compared to heat condi-
tion. Thus, the intensiﬁcation in water content is not only due to
biodiesel hygroscopicity. Tsuchiya et al. [15] revealed that the oxi-
dation process forms free water in addition to oxidation products,
such as free fatty acids and organic acids which are responsible for
enhanced metals’ corrosion. However, in this condition corrosion
rates are surprisingly not high, because there is low oxygen con-
tent. These results reveal that the corrosion caused by biodiesel
is not associated to free water formation or absorbed for the short
immersion time, because the lowest values of thickness loss were
obtained in the condition that led to highest water content after
5 days of immersion.
The biodiesel sample exposed to the same conditions, but with-
out contact with the metals (no metallic ions present) called blank
biodiesel, presents lower water content, mainly at 55 C, which
kept the same water content of biodiesel as received. This may
be associated to the diminution of the hygroscopic properties at
higher temperature. The presence of metallic ions does not
strongly affect the degradation in relation to water formation
(water content) when the biodiesel is exposed at light absence con-
dition (darkness) at room temperature. In this condition, the in-
crease in water content of biodiesel from 477 ppm (as received)
to 1750 ppm should be especially ascribed to the hygroscopic char-
acteristics of biodiesel, regardless of the presence of metallic ions.
The biodiesel after immersion of brass presented higher water con-
tent in all studied conditions. So, these results show that brass fa-
vors much more the biodiesel degradation than copper, due to
release of two kinds of ions: Cu2+ and Zn2+. For this reason, it is pos-
sible to state that the ﬁnal water content depends on the metal
type, mainly for metals that have strong catalytic effect. Fazal
et al. [6] afﬁrmed in a contradictory way that the increase of water
content is not depended on the type of metal exposed in biodiesel,
because the water content of biodiesel exposed to different metals
was almost similar.
Fig. 7 shows similar behavior in relation to biodiesel viscosity. It
can be seen that the viscosity increases after the immersion of cop-
per and brass. These results also indicate that the Cu2+ and Zn2+
ions negatively affect the degradation reactions of biodiesel when
there are external inﬂuences such as temperature and light. The
highest viscosity values were obtained for biodiesel samples after
immersion of copper and brass for 5 days at 55 C, while the lowest
viscosity was observed at the condition of light absence.to ASTM G1 standard in commercial biodiesel: (a) blank, (b) light and at room
Fig. 5. Corrosion products formed on brass surface after immersion tests according to ASTM G1 standard in commercial biodiesel: (a) blank, (b) light and at room
temperature, (c) darkness and at room temperature and (d) darkness and at 55 C.
Fig. 6. Water content of biodiesel samples after the immersion tests of copper and
brass or not (blank) at different conditions of light and temperature according to
ASTM G1.
Fig. 7. Viscosity of biodiesel samples after the immersion tests of copper and brass
at different conditions of light and temperature according to ASTM G1.
Fig. 8. Induction period for oxidative degradation of biodiesel samples after the
immersion of copper and brass at different conditions of light and temperature
according to ASTM G1.
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necessary to keep energy levels at a minimum (light incidence
and temperature), since these are the main factors responsible
for the reactions of free radicals formation. Moreover, it is also
important to avoid the contact with oxygen and metallic ions
which have strong catalytic effect, because in these conditions
there is the formation of hydroperoxides which are the main prod-
ucts formed in the initial step of biodiesel oxidation [23]. As the
oxidation reaction is a radical process which splits the molecules,
volatile organic compounds are formed, among these, organic acids
of short chain [7,8]. Fig. 8 reveals the highest induction period (IP)
for biodiesel after 5 days of exposure in the darkness condition at
room temperature, without immersion of any metal (blank biodie-
sel). The lowest induction period when there is no contact with
metals was observed for biodiesel in the condition of higher
temperature (55 C), indicating that the temperature signiﬁcantly
affect the oxidation stability, regardless of the presence of metallic
ions. The darkness condition at room temperature is the mostsuitable condition for storage of biodiesel. It can be observed that
the contact with oxygen also affected the oxidation stability even
in naturally aerated conditions, because the IP decreases from 8 h
(as received conditions) to 7 h after 5 days of exposure at room
temperature (darkness).
In Fig. 8, it can be noted that the induction period of commercial
biodiesel after the immersion of the metals decreases from 8 h to
0.05 h, revealing that the metallic ions present in the biodiesel,
Cu2+ and Zn2+ ions, have a strong catalytic effect on the degradation
reactions, regardless of the conditions of light and temperature and
metallic ions concentration, because the induction period was al-
most the same in all the analyzed conditions. Sarin et al. [25]
showed that the presence of metallic ions in the biodiesel result
in accelerated formation of free radicals, which are precursors of
hydroperoxides, due to the initiation reaction, mediated by a me-
tal. Diverse metallic ions have strong negative inﬂuence on oxida-
tive stability in low as well as in high concentrations, such as,
copper, iron, nickel, manganese, cobalt and others, which is the
reason for the induction period values became low and almost con-
stant for ions content from 1.5 ppm. Copper has the strongest cat-
alytic effect followed by cobalt, manganese, nickel and iron. This
prove the similarity of the IP results for the biodiesel coming from
the immersion tests at different conditions of light and tempera-
ture, because the IP values were very low and nearly the same va-
lue for all the concentrations of metallic contaminants. It can be
seen that the IP decreases in the presence of metallic ions even
for a biodiesel that presents high induction period of 8 h (as re-
ceived). This shows that the Cu2+ and Zn2+ ions have a strong cat-
alytic effect on biodiesel degradation, regardless the feedstock or
addition of antioxidants to ensure higher oxidation stability. Some
authors have shown that the oxidation stability of biodiesel de-
pends on the antioxidants concentration to maintain the speciﬁca-
tion of 6 h (IP) after exposure of metal, because the induction
period increases with increasing of antioxidants concentration.
Fig. 9. Ions content by XRF of biodiesel samples after the immersion tests of copper
and brass at different conditions of light and temperature according to ASTM G1.
Table 2
Characteristics Raman bands for esters.
Wavenumber
(cm1)
Intensity Band attribution
900–1000 Medium @CAH angular deformation
1200–1300 Shoulder @CAH symmetric deformation
1400–1500 Very
strong
CH2 scissoring deformation
1600–1670 Very
strong
C@C stretching (aliphatic)
1700–1750 Weak C@O stretching (ester organic function)
2900–3000 Very
strong
CAH asymmetric and symmetric stretching (CH2
and CH3) reveals the length of the carbon chain
3000–3020 Medium @CAH asymmetric stretching (aliphatic)
I.P. Aquino et al. / Fuel 102 (2012) 795–807 801However, this correlation depends on the type of metallic ion
[25,26]. It was observed on the oxidation stability test by Rancimat
method that the induction period of biodiesel decreased to 0.05 h
after 24 h of contact with the metallic ions coming from copper
and brass (results not shown). Thus, it is clear that the antioxidants
addition in the commercial biodiesel to ensure stability during
storage and use prolong the onset of the oxidation reactions fa-
vored by light and heat when there are not metal ions present that
have catalytic effects, conﬁrming that there is correlation between
the ideal antioxidants concentration with the presence and type of
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Fig. 10. Raman spectra of biodiesel after immersion tests according to ASTM G1 of cop
3500 cm1, (b) 800 and 1800 cm1 and (c) 2500 and 3500 cm1. Important peaks to foThe biodiesel characterization after immersion tests at different
conditions proves that a higher temperature and the presence of
metallic ions accelerate the biodiesel oxidation. Therefore, the
inﬂuence of temperature plus the presence of metallic ions with
strong catalytic effect led to the increase of viscosity and water
content as well as the decrease of induction period. The light ab-
sence at room temperature is a favorable condition for storage of
biodiesel.
Results obtained by X-ray ﬂuorescence analyses revealed lower
content of metallic ions in the biodiesel coming from copper and
brass immersion tests for 5 days at 55 C (Fig. 9). These results con-
ﬁrm the weight loss measurements obtained at different condi-
tions of light and temperature, where lower thickness loss was3000 3020 3040
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Fig. 11. Comparative Raman spectra of biodiesel after immersion tests according to ASTM G1 of copper and brass evidenced by CAH stretching region: (a) light at room
temperature, (b) darkness at room temperature and (c) darkness at 55 C (oven). Important peaks to follow the biodiesel oxidation or degradation.
802 I.P. Aquino et al. / Fuel 102 (2012) 795–807observed for metals exposed to higher temperature (55 C) com-
pared to room temperature. A higher content of Cu2+ ions can be
observed, indicating the uniform and general corrosion of copper
and brass samples, especially at room temperature, as showed
above in Figs. 4 and 5. Thus, it can be afﬁrmed that at higher tem-
peratures the corrosion process was inhibited by the decrease of
dissolved oxygen, the cathodic reactant for metals oxidation, as
discussed above. The possible explanation for the lowest corrosion
rates at 55 C would be summarized as the decrease of dissolved
oxygen, evaporation of volatile components of the biodiesel degra-
dation and the formation of some polymeric inhibiting substances
which adsorb on the metals’ surface.Raman peaks exhibits comprehensive chemical information
about the various vibrational modes of different functional groups.
In Table 2 are presented some characteristics Raman bands for
esters.
The biodiesel oxidation at different conditions of light and tem-
perature was also evaluated by Raman spectroscopy. A similar
chemical characteristic behavior for the biodiesel in contact with
copper and with brass was observed. Some characteristic Raman
scattering bands of the biodiesel after immersion of copper are
shown in Fig. 10. The characteristic bands of unsaturated com-
pounds as the biodiesel attributed to different vibration modes of
the @CAH bonds at 960 cm1, 1266 cm1 and 3011 cm1 present
Fig. 12. Comparison of the thickness loss results for copper and brass in
commercial biodiesel after 5 days of immersion according to ASTM G31.
Fig. 13. Corrosion products formed on copper surface after immersion tests
according to ASTM G31 standard in commercial biodiesel (at 55 C with air
bubbling): (a) vapor, (b) partially immersed and (c) immersed.
Fig. 14. Corrosion products formed on brass surface after immersion tests
according to ASTM G31 standard in commercial biodiesel (at 55 C with air
bubbling): (a) vapor, (b) partially immersed and (c) immersed.
Fig. 15. Viscosity of biodiesel samples after the immersion tests of copper and brass
according to ASTM G31 and ASTM G1 (darkness at 55 C).
Fig. 16. Water content of biodiesel samples after the immersion tests of copper and
brass according to ASTM G31 and ASTM G1 (darkness at 55 C).
I.P. Aquino et al. / Fuel 102 (2012) 795–807 803a discrete decrease when the biodiesel is exposed to conditions of
light and higher temperature (55 C). This feature is clearly seen
when comparing the peaks intensity of tested biodiesel in the pres-
ence of copper and in its absence (blanks spectra). This Raman fea-
ture reveals that light and the higher temperature favors biodiesel
oxidation, represented by the breaking of the double bonds, espe-
cially when metallic ions are present. This behavior agrees with the
data reported byMaru et al. [11] for the soybean and sunﬂower oils
biodiesel exposed to carbon steel.
In Fig. 11, the Raman spectra show that the brass affects mark-
edly the biodiesel oxidation when compared to copper, for the
same conditions. The peak that corresponds to the vibrational
mode of the @CAH bonds showed in Table 2 indicates low inten-
sity for the biodiesel after exposure of brass due to high degrada-
tion favored by presence of Cu2+ and Zn2+ ions. Therefore, there
is a direct correlation among the Raman spectral evidences and
the techniques employed to characterize the biodiesel degradation,
which is a tool that can be used for a better biodiesel quality
control.3.3. Immersion testes according to ASTM G31 standard
The thickness loss results for copper and brass after 5 days of
immersion in biodiesel at 55 C are presented in Fig. 12. It should
be remembered that the immersion tests according to ASTM G31
standard were made with constant air bubbling at 55 C to simu-
late an accelerated degradation condition.
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Fig. 17. Raman spectra of biodiesel after immersion tests according to ASTM G31 of copper and brass: (a) region between 500 and 3500 cm1, (b) 800 and 1800 cm1 and (c)
2500 and 3500 cm1 (CAH stretching region). Important peaks to follow the biodiesel oxidation or degradation.
804 I.P. Aquino et al. / Fuel 102 (2012) 795–807The weight loss measurements results for copper and brass
show that air bubbling along with higher temperature affects
mostly immersed samples. It can be noted that the partially im-
mersed copper and totally immersed brass presented higher thick-
ness loss values, as shown in Fig. 12.
The lower thickness loss values were observed for copper and
brass samples exposed to vapors despite the direct contact with
oxygen. For copper, this probably is due to the formation of a pas-
sive layer (CuO), which is characterized by the lowest thickness
loss, while for brass the presence of an active element as zinc does
not favor the formation of a passive layer, justifying the slightly
higher corrosion rate compared to copper exposed to vapors. How-
ever, the inﬂuence of air bubbling (dissolved oxygen) is more
accentuated for copper, because partially immersed copper sam-
ples presented highest corrosion rate due also to corrosion by dif-
ferential aeration in the interface air/biodiesel. It is also evident
that the ASTM G31 immersion tests resulted in values of corrosion
rate and thickness loss much higher compared with the results of
ASTM G1 performed in light absence condition (darkness) at
55 C without air bubbling, because the oxygen presence due to
the constant air bubbling characterized permanent contact with
an oxidizing agent, strongly affecting the metals’ corrosion. As
the results for copper and brass carried out according to ASTM
G1 at 55 C showed a signiﬁcant reduction in corrosion rate, and
the possible cause of this behavior was attributed to the low oxy-
gen solubility occasioned by high temperature, it is clear afterimmersion tests according to ASTM G31 that corrosion is mainly
affected by oxygen concentration in biodiesel.
Figs. 13 and 14 show the images of the corrosion products
formed on copper and brass surface, respectively. It is observed
that the corrosion products are darker in regions where there
was direct contact with O2. On samples that presented higher val-
ues of thickness loss was observed an opaque corrosion product
light-colored mainly on brass, unlike the appearance of samples
after the immersion test according to ASTM G1 (without air
bubbling).
It was also observed that the immersion tests according to
ASTM G31 standard resulted in much higher corrosion rates and
thickness loss values for copper and brass in comparison to ASTM
G1 standard results performed at condition of light absence at
55 C (without air bubbling), since the presence of oxygen due to
constant air bubbling characterizes the permanent contact with
oxidant agent which strongly affects the metal’s corrosion. Accord-
ing to Leung et al. [27], the biodiesel degradation rate increases sig-
niﬁcantly when there is inﬂuence of high temperature along with
oxygen compared to the temperature or air exposure alone (bub-
bling air), what makes it more corrosive for metals.
The biodiesel after immersion tests according to ASTM G31 pre-
sented higher viscosity values than those found for the ASTM G1
tests, 11 mm2/s and 17 mm2/s, for copper and brass respectively,
as shown in Fig. 15. The water content of biodiesel for both metals
also signiﬁcantly increased in the presence of oxygen and
500 1000 1500 2000 2500 3000 3500
  Brass - ASTM G1 (Darkness 55°C)
  Brass - ASTM G31 (Darkness 55°C)
Wavenumber (cm-1)
800 1000 1200 1400 1600 1800
  Brass - ASTM G1 (Darkness 55°C)
  Brass - ASTM G31 (Darkness 55°C)
Wavenumber (cm-1)
R
am
an
 In
te
ns
ity
 (a
rb
. u
n.
)
2500 2750 3000 3250 3500
  Brass - ASTM G1 (Darkness 55°C)
  Brass - ASTM G31 (Darkness 55°C)
Wavenumber (cm-1)
R
am
an
 In
te
ns
ity
 (a
rb
. u
n.
)
R
am
an
 In
te
ns
ity
 (a
rb
. u
n.
)
*
*
*
*
(a)
(b) (c)
Fig. 18. Comparative Raman spectra of biodiesel after immersion tests of brass according to ASTM G31 and ASTM G1 (darkness at 55 C) standards: (a) region between 500
and 3500 cm1, (b) 800 and 1800 cm1 and (c) 2500 and 3500 cm1 (CAH stretching region). Important peaks to follow the biodiesel oxidation or degradation.
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received (Fig. 16). So, immersion tests performed at different con-
ditions of light, temperature and oxygen evidenced that the water
content in biodiesel is not only related to hygroscopic nature of
biodiesel, but also to the degradation reactions that lead to water
formation and are favored by heat, light, oxygen and metallic ions.
It is important to remember that the water content did not change
when the commercial biodiesel was protected from light and heat
(dark condition at room temperature), even in the presence of me-
tal ions, highlighting in this condition the hygroscopic behavior of
biodiesel. According to Leung et al. [27], the water presence affects
the oxidation stability, since it favors the biodiesel degradation due
to hydrolysis, but its effect on the degradation is much lower com-
pared to the effect of temperature and presence of oxygen.
It can be seen that biodiesel after contact with brass evidenced
signs of higher aging or degradation proved by higher viscosity and
water content, caused by the release of Cu2+ and Zn2+ ions, which
are ions that present catalyst effect. However, this behavior is more
marked in the presence of oxygen (ASTM G31).
The induction period of oxidative degradation of the biodiesel
after exposure of copper and brass samples also decreased to
approximately 0.05 h. Thus, the induction period results are similar
to those obtained after immersion test according to ASTM G1. In
spite of the biodiesel after immersion tests according to ASTM
G31 indicate higher oxidation degree, the comparison of these re-
sults prove that the metallic ions with strong catalytic effect inﬂu-
ence markedly on the oxidation stability independently of the ions
concentration in the medium from 1.5 ppm.The results of X-ray ﬂuorescence analyses conﬁrmed higher
metallic ions content in the biodiesel sample after exposure of cop-
per (874 ppm) as evidenced by weight loss measurements accord-
ing to ASTM G31 standard, proving that cooper is less corrosion
resistant than brass when there is inﬂuence of high oxygen concen-
tration. The biodiesel in contact with the brass samples presented a
total content of metallic ions (Cu2+ and Zn2+) of 673 ppm. Thereby,
it can be afﬁrmed that the metal’s corrosion depends on external
factors such as temperature, light, contact with air as well as
feedstock due to the difference in the unsaturation number and
chemical composition, which generate products with distinct
corrosiveness degree [11,12].
A similar behavior is observed in the Raman spectra of biodiesel
samples after immersion tests according to ASTM G31 by evaluat-
ing the inﬂuence of the metallic ions. However, in this case that
there is the presence of oxygen, the oxidation reactions that led
to the hydroperoxide formation were manifested mainly by a pro-
nounced decrease in the peak related to C@C stretching region
(1657 cm1), not evident after the immersion test according to
ASTM G1 (without air bubbling). In Fig. 17 a signiﬁcant decrease
can be seen in peak intensity at 1657 cm1 when there are Cu2+
and Zn2+ ions present into biodiesel. The peaks at 1266 cm1 and
3011 cm1 corresponding to @CAH bonds also decrease in relation
to copper, whose peaks have been related to degradation of the
unsaturated system [28,29]. In this case, the Raman features also
suggest that brass accelerates the decomposition process of biodie-
sel compared to copper, in the same way that the ASTM G1 results,
in spite of lower corrosion rates obtained for brass after ASTM G31
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Fig. 19. FTIR spectra of biodiesel samples after immersion tests of brass according
to ASTM G31 (darkness at 55 C) and ASTM G1 (darkness at 55 C) standards. Region
between 500 and 4000 cm1. Important peaks to follow the biodiesel oxidation or
degradation.
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lic ions in the biodiesel, Cu2+ and Zn2+, proving that both ions cause
oxidation reactions due to their strong catalytic effect. According to
Fazal et al. [6], the biodiesel degradation caused by contact with a
metal can be different from metal to metal, but the most aggravat-
ing factor is the contact with different metals in the presence of
dissolved oxygen which may affect its corrosive nature at different
extent.
In Fig. 18 is possible to verify the inﬂuence of the oxygen on the
biodiesel oxidation by comparing the results of immersion tests
performed according to ASTM G31 with the ASTM G1 results (con-
ditions of light absence at 55 C) for the same metal. The bands at
1266, 1657 and 3011 cm1 also decrease when the biodiesel is ex-
posed at conditions of high temperature and oxygen presence (air
bubbling). The reduction of these bands is characteristics of higher
biodiesel decomposition which were caused by both factors
[11,29,30]. According to Agbenyega et al. [29], changes appear in
the C@C structures and are manifested in the peaks at 1670,
1655 and 1640 cm1. These changes have been assigned to cis/
trans isomerism and to the migration of double bond during the
hydroperoxide formation caused by the autoxidation reactions,
comprising the results obtained. The Raman spectra of Fig. 18
shows correlation with the literature. These variations of the
Raman peaks intensity as consequence of biodiesel decomposition
after immersion tests according to ASTM G31 was also proved by
higher viscosity and water content values in the same samples.
According to Knothe [31], the biodiesel oxidation rate and viscosity
increase with time and extent of exposition to air (surface area),
being very sensitive to the contact surface area of the biodiesel
with air as occurs in the ASTM G31 tests.
Infrared spectroscopy data were used to evaluate the oxidation
reactions in relation to the presence of oxidant agent as comple-
ment to Raman data. Fig. 19 shows the formation of the hydroper-
oxides represented by the increase in the intensity of the band at
3500 cm1 when there is high oxygen concentration in the biodie-
sel. The decrease in peak at 3010 cm1 demonstrates the degrada-
tion of the unsaturated system accelerated by oxygen. In FT-IR
spectra, it can be noticed a slight broadening of peak at
1740 cm1, attribute to carbonyl group (C@O), related to formation
of oxidation products, aldehydes, ketones and volatile esters,
which are overlapping. The characteristics of biodiesel degradation
evidenced by the infrared analysis are consistent with the results
shown by Maru et al. [11]. These results are also in agreement with
the results obtained by Agbenyega et al. [29] when evaluating thecuring reaction of several fatty acid methyl esters, which are used
for modeling processes in the autoxidation of alkyd resin coatings.
4. Conclusions
The study of light and temperature inﬂuence in the immersion
tests for copper and brass according to ASTM G1 standard showed
that the presence of light implies in slightly higher corrosion rates
and that at a higher temperature there is a signiﬁcant reduction in
the corrosion rate and thickness loss values, contradicting totally
the expected result, since the higher temperature accelerate the
reaction rate. The X-ray ﬂuorescence analytical technique also con-
ﬁrmed the presence of lower content of metallic ions, Cu2+ and
Zn2+ (brass) after the exposure of copper and brass at 55 C in
the absence of light (darkness).
The results of water content, viscosity and induction period of
biodiesel after exposure of copper and brass at 55 C show that
the high temperature and the presence of metallic ions with strong
catalytic effects favors the biodiesel oxidation. The absence of light
(darkness) and room temperature are the most favorable condi-
tions for storage of biodiesel.
The immersion tests results according to ASTM G31 standard
for copper and brass showed that the samples that contain im-
mersed parts are more affected by the biodiesel compared to sam-
ples exposed to vapors. The air bubbling signiﬁcantly inﬂuences
the corrosion rate, since much higher corrosion rate and thickness
loss values for copper and brass were obtained in relation to the
ASTM G1 performed at 55 C in absence of light incidence and bub-
bling air. In these conditions, higher signiﬁcant viscosity and water
content values for the biodiesel samples after tests according to
ASTM G31 were observed. The Raman spectroscopy technique also
identiﬁed higher biodiesel degradation at 3011, 1657 and
1266 cm1 due to air bubbling.
Copper is the less corrosion resistant metal in the ASTM G31
tests and brass the less resistant in the ASTM G1 tests.
The main conclusion is that the signiﬁcant reduction in corro-
sion rate observed for copper and brass when the biodiesel is ex-
posed to high temperature in a natural atmosphere of oxygen
(ASTM G1) should be assigned to decrease of oxygen solubility
caused by high temperature. It can be concluded that the increase
of corrosion rate evidenced by the weight loss measurements
according to ASTM G31 for different metals is attributed to the ef-
fect of high concentration of dissolved oxygen. In this case, the
reduction of oxygen solubility occasioned by the temperature is
not signiﬁcant, because the air bubbling is constant and the oxygen
is replenished continuously.
The degradation degree of biodiesel after contact with metals is
not directly related to its corrosiveness, for short immersion times.
The biodiesel degradation degree and corrosiveness as well as cor-
rosion resistance presented by metals depends on a set of variables
including raw material (feedstock), biodiesel purity summed to
external factors like incidence of light, heat, oxygen and presence
of metallic ions.
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